Drawing upon a framework of analysis developed by Thomas Hughes, this paper examines the development of the telecommunications network as a large technical system, dealing with the ways in which innovation is behind the rate and direction of system growth. It focuses on developments in the USA and in Europe since the 1960s in a period when a cluster of radical innovations changed the traditional technical and institutional set-up of the telephone network. The paper argues that an explanation of innovation in large technical systems'has to account for the economic drive to realize economies of scale and. scope. However, a new concept of economy of system is required to explain the reductions in cost which stem from innovations that improve the control of traffic, or load, through the telecommunications network and other large technical systems. The argument of the paper is not that economic forces take priority over issues of social and political choice but, rather, that a framework is required which accounts far the ways in which technology and economics mix with politics in the development of telecommunications and other large systems.
framework for examining the development of telecommunications as a large technical system, which allows for comparisons with other large systems.
Numerous studies of the telecommunications sector have emerged in recent years, but they have often focused on the uniqueness of the industry (Brock, 1981 (Brock, , 1994 Crandall and Flamm, 1989; Cawson etal., 1990; Hobday, 1990; Mansell, 1993; Lipartito, 1994; Rosenberg, 1994) rather than on the general systemic characteristics of telecommunications technology. While there are several studies of telecommunications from a Hughesian perspective, these have stressed historical developments in particular countries or specific system components, as in the telephone exchange or corporate network (Thomas, 1988; Mueller, 1989; Robischon, 1994; Schneider, 1994) .
This paper tries to fill a gap in the literature by analysing innovation in the telecommunications network, dealing with the ways in which innovation is behind system expansion and growth. It focuses on developments in the USA (the country which has led technical innovation in telecommunications), and to a lesser extent in Europe, since the 1960s when a cluster of radical innovations began to change the traditional technical and institutional set-up of the telephone network. 1 The paper argues that Hughes provides a useful conceptual framework for examining the technical and political development of systems, but fails to provide an adequate explanation of the economic forces at work within a given system. It Suggests that a deeper understanding of the causes of innovation in large technical systems and their implications for policy can be achieved by combining concepts developed by Hughes with complementary research on the economics of technological change developed elsewhere in the fields of economic history and technology policy (Sahal, 1985; Arthur, 1988; Chandler, 1990; Rosenberg, 1994; Freeman, 1995) . Despite difficulties entailed in predicting the future path of technological change in a system as complex as telecommunications, the framework of analysis presented in this paper helps to isolate the technical, economic and political processes which shape the rate and direction of innovation in the telecommunications network. It is intended that this analysis will improve our understanding of future changes in large technical systems, and make decision-makers more prepared for evaluating the policy options and dilemmas that these changes present.
The central argument of the paper is that an explanation of growth in large technical systems has to account for the economic drive to realize cost-saving ' While the paper examines how digital technology substitutes for analogue technology in particular system components, there is no space here to analyse the invention and growth of digital technology or explain the departure from the process of incremental innovation in the telephone system. ' economies of scale and scope, which, as Chandler (1990) has argued, is the prime cause of technological and organizational change across the whole spectrum of industrial sectors, ranging from manufacturing to transportation and communication. Economies of scale stem from improvements in the capacity to handle large volumes of traffic and connections to a greater number of subscribers at a lower cost. Economies of scope are derived from using the same plant and equipment to provide a range of telecommunications services at a lower cost than that of providing each service separately.
Explanations using the concepts of economies of scale and scope help to specify important causes driving growth, but they neglect to explain the most essential characteristic of large technical systems defined by Hughes: the mechanism for controlling. a system of interrelated. components. Drawing upon previous research, a new concept of economy of system is put forward to explain reductions in costs which flow from improvements made in controlling the routing of traffic and delivery of services through large technical systems (Davies, 1994) . Indeed, many of the cost advantages attributed to economies of scale and scope cannot be realized without accompanying innovations in the system of control. Such economic forces create internal compulsions which, together with innovative efforts to solve technical problems, may direct large technical systems along distinct paths of technological development. If technical and economic forces set limits to possible trajectories of system development, the final selection of one path rather than another is dependent on politics; that is, the relative power of institutional interests and their commitments to particular systems of technology.
Large Technical Systems: a Framework of Analysis
In looking for the causes of growth and change in the telecommunication system, a definition of system is required. Hughes provides a framework for studying technology as a historical process of innovation and development, in which the unit of analysis is a complex system: 'coherent structures comprised of interacting, interconnected components' ranging from 'relatively simple machines to regional electricity supply networks' (Hughes, 1983, p. ix) . This definition differs from the concept of complex systems offered by Miller et al. (1995) . In contrast to Hughes, the unit of analysis in Miller et al. " s study is the product and nature of its production: that is, the supply of large, complex, customized, engineering-intensive products or systems, in which production 1145
is of a 'one-off kind, usually on a project basis, to meet the requirements of individual customers.
Hughesian Concepts: Systems, Reverse Salients, Critical Problems and Momentum
Since this paper is concerned with innovations that shape the development of a technical system rather than the manufacture of discrete complex products, it adopts a Hughesian approach. Hughes (1983, pp. 5-6) (i) The system is constituted by a number of parts, or components, that form different items of capital equipment. The telephone network consists of telephone instruments, transmission, switching and signalling components. Each component has functional attributes to fill the position required by the system. (ii) These components are connected by a structure, or network, to form a complex system. Because components are related by the network of interconnections, changes in the activity or design of one component impacts on the other components of the system. The configuration of the network gives the system its own distinctive technical architecture, which may be arranged vertically or horizontally: 'a horizontally arranged system interconnects components of the same kind or function...while a vertical system interconnects components joined in a functional chain" (Hughes, 1983, p. 6) . By the mid-1880s, telephone networks were modelled on the vertical structure of rail transportation. Telephone wires and railway track followed a trunk and branch or loop architecture, with local access and tariffs controlled by a monopoly (Solomon, 1991) .
(iii) A control component is utilized to optimize system-wide efficiency and to direct the system towards the fulfilment of goals. In electric power systems, for example, controls are exercised to regulate the supply system according to established standards such as voltage and frequency, and to optimize the performance of the system according to measured goals. A load-dispatching centre in electric power performs a similar function as a network management and control component in the telephone network, which uses a signalling system to manage traffic flow. Systems are often arranged hierarchically, with components interacting with one another through a centrally controlled system. In the telephone network^ control is embodied in a hierarchical architecture, with high-capacity telephone ll46 exchanges, computer databases and signalling systems carrying out the centralized routing of traffic. In computer networks, by contrast, communication takes place horizontally, without yielding control to a centralized structure.
Although primarily intended as a study of the history of systems, the Hughesian analysis involves several concepts-reverse salients, critical problems and momentum-which help to identify the various forces that shape the current and future development of systems. Hughes (1983) compares an expanding large technical system with an advancing military front. The analogy is appropriate, Hughes maintains, because an expanding technical system resembles the unpredictable development of an advancing line of battle. Referring to concepts taken from military history, a salient is a bulge or projection in an advancing front, and a reverse salient is a part of the front that lags behind. Applied to technology, a reverse salient is a component or set of components which is out of phase, or lags behind, other components in an expanding system. Reverse salients emerge from the uneven growth of a system because such components are less efficient than other components, do not interact harmoniously with more advanced components or retard the development of the system. To continue the further advance of the system, innovative activity focuses on removing the reverse salient. Rosenberg (1976) has shown that the technological imperatives arising from these systemic features may serve as focusing devices for innovative activity and how such activity is powerfully influenced by economic advantages and rewards.
3 Technical improvements in the design or operation of backward components help to re-establish a technical balance and efficient interaction between interdependent components. The task of inventors, designers, engineers or research staff is to analyse the backward system components as a series of critical problems that are believed to be solvable. If the problem is organizational rather than 1 Reverse salient-critical problem analysis has been applied to the switching component (Mueller, 1989) .
Between 1877 and 1897, the manual telephone was more expensive to operate per subscriber as the total number of subscribers increased. This diseconomy of switching was a reverse salient which restricted the growth of the telephone system. Known as the 'switchboard problem' because of the errors and operating time wasted in switching calls manually, this critical problem was solved by a number of complementary innovations-automatic lamp signals, the common battery switchboard and the science of traffic engineering-which removed switching as a constraint on telephone system growth.
'Rosenberg (1976) also suggested that technical imbalances or bottlenecks in complex and interdependent technologies or manufacturing processes throw off signals which involve the formulation of problems. Considerable innovative activity is directed at providing solutions to such problems. Hughes (1987) maintains that the dynamic concept of a reverse salient is more appropriate for a study of systems than the rigid concept of bottleneck. An alternative view that Rosenberg's bottleneck analysis is complemented by Hughe's concept of reverse salient is put forward by Beckman (1994).
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: technical, the professionals who come up with innovative solutions may be managers or financiers.
As the system expands in size, it acquires momentum. The main effect of momentum in established systems is analogous to an inertia of directed motion which pushes the system along a path-dependent process of technological change, or trajectory (Dosi, 1982 )-a metaphor similar to momentum (Hughes, 1987, p. 77) . Momentum is maintained by solving critical problems that constrain system growth. A system with substantial momentum has mass, a rate of growth and direction:
(i) The mass comprises technical and organizational components. Technical components consist of machines, plant, equipment and durable physical artefacts in which considerable capital has been invested. A commitment to recover sunk costs (the original investment in plant and equipment) creates a disincentive to invest in new technology since its adoption may force premature devaluation before components are obsolete or in need of replacement. Organizational components also add to momentum. The involvement of employees and managers whose knowledge, skills and attitudes are closely associated with the system, together with business firms, government agencies, educational institutions, professional societies, trade unions, financiers, regulatory bodies arid other institutions with a stake in the system, often share a commitment to its prolongation. (ii) As a system grows in size, it acquires momentum due to the growing number of subsystems and components which have become part of its technically interrelated infrastructure-an aspect of increasing returns to adoption (Arthur, 1988) . The larger the system, the greater its advantage over competing technologies, which, if less adopted, may lack the required infrastructure or require a partial dismantling of the more widespread existing system. (iii) The characteristic of interconnectedness exerts a powerful influence over the direction of innovation in systems. As the system expands in size, interdependence and complexity, its efficient operation requires close attention to the criteria of compatibility with existing or future potential technologies.
Towards an Integrated Approach: Technology, Economics and Politics Hughes (1987) is careful to avoid technological determinism; that is, the assumption that large technical systems are autonomous, in the sense thattechnology obeys an internal logic of its own and, in the process, shapes the character of institutions associated with the system. The appearance of autonomy suggests that the final state can be predicted from initial conditions and the inner dynamic of the system. Informed by the sociological and historical approach labelled the 'social construction of technology', Hughes provides an explanation of both the internal dynamics of systems and the influence of external factors or the environment. Large technical systems which appear to be autonomous have in reality acquired a high level of momentum. Not only does the concept of momentum support the view that technology is shaped by-and shapes-social institutions; it captures the structural factors and contingent events influencing the development of systems.
4
The central problem with the Hughesian framework is that in jettisoning the concept of autonomy it fails to provide an adequate explanation of the economic forces which give systems their internal dynamic and rate of growth. 5 In emphasizing that technical systems are socially constructed, Hughes's account invokes the problem of voluntarism: the tendency to stress contingent issues of action-choice, decision and purpose-over those of structure which operate independently of human agency. Where structural factors are dealt .with they are assimilated under the metaphor of momentum.
In Hughes's model of system evolution, the selection environments which serve as focusing devices for the innovative activities of inventors, designers, engineers, managers and decision-makers are primarily technical (governed by the criteria of technical efficiency, reliability and compatibility with existing and future systems) and political (reinforced by institutional interests which push systems in particular directions of development). However, Hughes is careful to include a consideration of economic factors which structure the decision-making environment. In his account of Chicago electric supply, for example, Hughes (1983) explains how Samuel Insull was guided by a conceptual synthesis of technology and economics to create an electric system which by 1910 led the world in terms of technological innovation and economic efficiency. Application of the economic principles of load diversity ' The doctrine of the social construction of technology asserts that 'only when technical development can be considered as not being autonomous and not driven by purely internal dynamics, can it be subjected to social analysis' (Bijker, 1990 , p. 328). The point of attacking technological determinism in this way u to maintain that technological development is not beyond social control and to stress the possibility for choice in technology.
and load factor enabled Insull to obtain a regular return on capital investment from efficient utilization of capacity and reductions in the unit cost of output (Hughes, 1983, pp. 216-219). 6 In this attempt to provide an integrated analysis of technology and economics, the soft determinism of economics is reinforced by the deterministic influence of momentum, including the core technical components as well as institutions (Hughes, 1983, p. 465) . Hughes acknowledges that the economic principles of load diversity and load factor are probably the major explanation for system growth (Hughes, 1983, pp. 462-463 ). Yet he is dismissive of attempts to integrate technology and economics through the use of the concept of economies of scale to explain the drive for growth (Hughes, 1987, p. 71) . In focusing on the way in which certain economic principles were applied by individuals, Hughes neglects to provide an analysis of the economic selection environment-i.e. cost structure, scale of production and profitability-that structures the behaviour of those involved in a search for improved techniques. The cost structure of large-scale, capital-intensive systems creates internal pressures which have a deterministic influence over the direction and rate of innovative activity.
Even scholars who support the doctrine of the social construction of technology recognize this failure to integrate studies of technology with an economic perspective (Bijker, 1990, p. 325) . The need for such an integrated approach is recognized by Sahal, who explains that 'while technological evolution follows a logic of its own, its topographical make up depends upon a host of socio-economic forces at work' (Sahal, 1985, p. 81) . However, in asserting the relative independence of technology, Sahal neglects to examine the precise interplay between technology and other socio-economic forces. What is required, therefore, is an analysis which takes into account the relatively autonomous development of the technology system, and the close interdependence, or co-evolution, between technology and economics and technology and politics (Freeman, 1995) . 7 It is the co-evolution of technology 'Load (or market demand) refers to the extent to which customers use installed capacity. Insull improved the diversity of load by introducing a pricing structure differentiated according to the pattern of customer demand and by means of carefully planned sales. Load factor is a measure of the actual use of installed capacity, i.e. the ratio of average load to the maximum load of a customer, group of customers or the entire system during a specified period. To raise the load factor in electrical supply, Insull sought customers whose load curves lacked high peaks and low valleys, or whose combined curves were diverse and combined well. Complex metering and information-gathering techniques provided Insull with indicators required to identify how customers used the installed capacity at different times of the day, or year, in order to exploit diversity and manage system load. Through such load management techniques the load factor improved, permitting large reductions in unit costs. ' Freeman (1995) constructs a theory which accounts for the relatively autonomous development of five spheres of society-science, technology, economy, politics and general culture-each with }ts own selection environment. There is no space here to discuss the influence of science and general culture on the 1150 and economics in particular which generates problems of lack of synchronicity, or mis-match, and of innovations which attempt to restore the harmonious development of the system. These out-of-synchronicity problems, as Freeman (1995) calls them, may require narrower technical solutions to components which have fallen behind or be on such a scale that they require institutional innovations in the political and regulatory structure of the technical system when, for example, major changes in technology outstrip existing institutional forms, which may be slow or resistant to change.
Innovation in the Telecommunications System
This section seeks to reconcile a Hughesian analysis of large technical systems with an explanation of the internal dynamics of growth driven by the search for system-wide economies. Internal economic pressures and efforts to solve technical problems create compulsions and pressures to direct innovation along particular paths of development.
The Telecommunications System
The telecommunications system consists of five main components.
(i) Terminal equipment (telephones and customer premises equipment such as modems for data transmission) provides each user with access to the system, (ii) The most common access.technology is a twisted pair of copper wires from the user's telephone to a local exchange, (iii) Switching equipment is computer-controlled electronic equipment (increasingly replacing old electromechanical switches) which establishes a communication path between users, and reserves the required capacity for the duration of the call. (iv) A transmission system sends messages from source to destination through a communications circuit which links to switching points. Calls are routed from local exchanges, through long-distance switches linking larger regions, then back into the local exchange, (v) A control component consisting of high-capacity signalling subsystem and computer databases manages traffic flow. These five components function as a technically integrated end-to-end system that provides the user with a range of voice, data and image services. The high cost of switching relative to transmission is reflected in the hierarchical pyramid structure of telecommunications technology '(see Figure  1152 1). Millions of terminals are linked vertically through a hierarchy of increasingly complex and higher-capacity local and long-distance switches, to a smaller number of trunk exchanges at the apex of the hierarchy. The institutional arrangement of the telecommunications system is based on three organizational components: local exchange operations carry low-volume and intermittent traffic through transmission circuits that connect each user to a local exchange; long-distance operations provide high-volume, exchange-to-exchange communication; and private, leased-line networks are operated by corporate users or managed on their behalf by third parties.
Economics of Large Technical Systems
The telecommunications network is a high-momentum system whose internal growth and direction is reinforced by its cost structure. Because telecommunications networks consist of heavy fixed capital investments, interest on capital has to be calculated to determine the cost of services. High-fixed costs (the cost of capital which does not vary with output).have to be recovered often over many years even if the system is not operating, or is operating at low levels of capacity. Heavy capital expenditures are incurred on the expectation that, during the life span of the investment, fixed costs will be recovered if the price of the service remains above the variable costs of operating the system (the costs of wages and materials which vary with output). In capital-intensive systems such as railways, electric supply and telecommunications, expenditures on new plant, machinery and other fixed capital increase the ratio of fixed over variable costs. High-fixed cost investments are warranted only when they can be spread over an increasing load or volume of traffic, causing fixed costs to decline as installed capacity is used more efficiently. This requirement to recover high fixed costs is the key determinant of efficiency and profitability in large technical systems.
These potential cost advantages and profits cannot be fully realized unless a constant volume of traffic through the system is maintained to ensure effective capacity utilization. The railways were the first high fixed cost system in which the problem of capacity utilization became an important concern (Chandler, 1990, p. 55) . In the 1880s fixed costs which did not vary with the volume of traffic were estimated to be two-thirds of total cost. In order to maintain profitability, the railways had to set prices to rapidly recover costs and to manage flows of traffic, or load, to ensure almost continuous utilization of capacity. If the realized volume of traffic fell below capacity, the costs per unit increased rapidly. Firms search for improved technologies of higher performance to substitute for existing investments in order to obtain economies of scale, and the economies of scope and system which are dependent upon scale advantages. Table 1 provides a summary of the economic role of component technologies. The introduction of major technological innovations in the telecommunications system has changed the interdependencies among components in the network, altered its overall technical architecture and restructured the traditional pattern of monopolistic control.
Economies of Scale. From the 1920s to the early 1980s, the telephone network was assumed to be a 'natural monopoly': an industry in which public control over a monopoly replaced regulation by market mechanisms. Economies of scale provided a rationale for natural monopoly. These are the reductions in costs which result from the increased size of operating units, or networks, producing a single product or service (Chandler, 1990, p. 17) . Such cost advantages are obtained by investments in additional plant and equipment using existing technologies (incremental innovation), or by introducing radical technological and organizational innovations which improve capacity utilization in a given period of time.
'
: 1154
_
The traditional network formed a hierarchy of monopolies. A separately run company could, obtain economies of scale (and density) by operating a high-volume, long-distance network at a low unit cost.
8 A single company could provide a low-volume, local exchange service in a defined geographical area more cheaply than two or more. 9 The role of returns-to-scale in the local exchange monopoly are enhanced by the benefits of size allowed by network externalities: that is, the utility an individual user gains as the number of users with access to the installed network increases (Katz and Shapiro, 1985) . By the 1920s, however, a national monopoly in control of horizontally integrated local and long-distance networks became the dominant organizational form in the USA (American Telephone and Telegraph-AT&T, a governmentregulated private corporation) and Europe (government-owned Postal, Telegraph and Telephone administrations-PTTs).
10
During the 1950s and 1960s, the fixed costs of incremental innovation in the traditional telephone network were relatively low for monopolists, except when telephone capacity was added far in advance of demand. Monopolists introduced incremental technologies that reproduced the conditions of natural monopoly by re-affirming the role of system-wide economies of scale and sunk costs (Antonelli, 1995, p. 743) . The problem of high fixed costs occurred from the late 1960s, when the introduction of radical technological innovations used in the switching and transmission of traffic changed the technical and organizational structure of long-distance and local exchange services.
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From the 1960s, the telecommunications system entered a new phase of radical technological change as a result of the introduction of computer processing (digital) technology into the switching component.
12 To gain the ' Whereas economies of scale refer to the reduction in unit cost with an extensive increase in the size of the network (e.g. the addition of a transmission circuit), the related concept of economies of density refers to the reduction in unit cost caused by increasing the volume of traffic carried by an existing network (i.e.
with no change in the length or number of transmission circuits). See Caves a al. (1984).
' A local exchange monopoly can install a larger exchange switch to provide access to new subscribers at lower marginal costs and in turn may offer lower prices (for installation, maintenance, billing and services), which promotes higher rates of usage.
10 There are other advantages of scale which are not discussed here because they are not internal to the operation of the telecommunications system. They include bulk purchase discounts for supplies and the ability to cover the centralized costs for research and development. See OECD (1992).
" Robin Mansell pointed out to the author that today a huge proportion of plant, equipment and other fixed capital in PTT networks is fully depreciated. This may unleash a new wave of technological dynamism in the telecommunications system as PTB and other carriers make the required fixed capital investments to modernize and upgrade their networks.
" Although telephony and computing developed as largely separate industries until the 1960s, there were important similarities in the design of the internal operations of the two technologies which suggested that they could converge. Digital signals in a computer were switched and multiplexed (a technique for combining a number of channels over a single transmission path) over data channels between a central advantages of economies of scale, switching equipment concentrates calls that are destined for the same terminating switch, and bundles them together for bulk transmission. Digitization of switching began with the substitution of a computer for the electromechanical hardware controlling the exchange in the circuit-switched telephone network. 13 Inexpensive alterations in call set-up procedures can be made by changing software stored in the computer's memory, permitting faster connections and the switching of a greater number of calls for a given fixed capital investment. Digital switching removes the need for costly analogue to digital interfaces and conversions between analogue exchanges and digital transmission systems.
The first switching system using a digital controller called Stored Programme Control (SPC), was a private branch exchange, the 101-ESS, introduced by AT&T in 1963. The first digital stored programme control switch combined with an electronic time-division switching system, Western Electric's 4-ESS, was introduced in 1976. The total number of digital stored programme control switches of the 9000 central office switches in the Bell system increased from 1% in 1982 to 70% by 1991 (Brock, 1994, p. 221) . The most recent advance in digital switching being introduced in the 1990s is asynchronous transfer mode (ATM), a packet-switching technology used to switch voice, data and video traffic (in the form of fixed-length cells) with greater efficiency and speed to match the message-handling capacity of fibre-optic transmission.
In combination with the digitization of switching, the introduction of fibre-optic transmission technology since the 1980s has reinforced integrated monopolistic control of national long-distance operations. Divestiture and the break-up of AT&T in 1984 included the establishment of seven local exchange monopolies, called Bell operating companies (BOCs), and a separately run AT&T which operates in competitive long-distance markets. Part of the Justice Department's rationale for sanctioning long-distance competition was the perception that microwave radio technology was about to occupy the primary role as a long-distance transmission technology. From processing unit and peripheral devices, just as telephone signals were multiplexed and switched over transmission circuits.
" There are two main types of switching techniques. (0 Grcuit switching is used to switch traffic in the telephone network. It establishes a physical transmission circuit between two users for the duration of the call, (ii) Packet switching is used to route and switch data between computer terminals. In packet switching systems, transmission circuits are not used exclusively for the duration of the call. Data are switched and transmitted at high speed in blocks (or packets) which contain information to route the packet through the network. Digital switching systems increasingly use packet-switching techniques to switch voice, data and video traffic encoded in a bit stream as time slots. A greater utilization of capacity is achieved by enabling several messages to share the same transmission capacity. Packet switching techniques are expected to replace existing investments in circuit-switched systems.
the mid-1980s, however, fibre-optic cables unexpectedly replaced microwave radio in the long-distance network. The superiority of fibre optics as a transmission technology only became apparent after new long-distance firms such as Microwave Communications Incorporated (MCI) and Sprint began to invest in the new technology (Rosenberg, 1994) . The absence of electromagnetic interference and hug€ carrying capacity that fibre optics provides resulted in reductions in the demand for microwave radio and communications satellites.
The deployment of fibre-optic cable in the long-distance network entails huge up-front fixed costs. Once fibre is installed, however, its bandwidth or carrying capacity can be increased almost indefinitely at very low cost, which allows operators to capture the advantages of economies of scale and density in transmission. Opto-electronics at the ends of optical fibres have provided a tenfold increase in transmission capacity every 4 years since 1975. In the mid-1970s, when AT&T first experimented with optical fibre, information was transmitted at 45 Mb/s. By the early 1990s, the carrying capacity of fibre had reached 565 Mb/s. High-density, long-distance fibre-optic networks exhibit steeply declining average costs as traffic volumes increase. Because the capacity of long-distance fibre-optic networks already in place vastly exceeds demand, a monopoly is re-emerging in the high-volume, long-distance service (Huber etal., 1992) . 14 Divestiture of AT&T was based on the assumption that low-volume, local exchange service was a natural monopoly. Technical advances in long-distance networks have revealed the local exchange monopoly as a reverse salient, linking the telecommunications system to slower growth. Whereas costs per circuit mile of long-distance transmission have fallen dramatically over the past decade, the costs of low-volume local exchange transmission (where around half the transmission expenses per access line or circuit-mile are incurred) have remained constant (Huber et al., 1992) . The main hurdle to technical advance is institutional, i.e. the monopolist's control of a single copper access line into the local exchange. Transmission technology in the 'last " Large sunk coses in new fibre-optic transmission networks which currently use only a fraction of their enormous capacity creates barriers to entry in long-distance markets. Long-distance networks are controlled by a dominant member of a small oligopoly or a monopoly. AT&T has major cost advantages in long-distance markets due to the role of economies of scale in its nationwide fibre-optic network. AT&T's traffic volumes exceed those of its competitors by four times or more. In 1991, after 15 years of competition, the US long-distance market was still dominated by AT&T with a market share of 68%, followed by MCI with 12% and Sprint with 8%. A similar pattern of integrated control has occurred in the UK after more than a decade of competition between British Telecommunications (BT), the incumbent operator, and Mercury, the second long-distance company. BTs share of the long-distance market is not expected to {all much below 70% in the 1990s, despite the rapid development of Mercury's nationwide optical fibre network.
mile' connecting subscribers to the local exchange is mainly twisted pair copper wire, which is not designed to handle new digital systems.
Only when superior transmission technologies such as fibre optics and cellular radio have reduced the costs and improved services will the local exchange monopoly cease to be a constraint on system growth. Fibre optics and cellular radio-two new access technologies which provide alternative transmission facilities for accessing the telecommunications, network-are challenging the role of economies of scale in the copper-based local telephone network. Despite the falling costs of optical fibres, local telephone companies are reluctant to invest in this access technology until the huge sums of money tied up in obsolete copper plant are fully depreciated or in need of replacement. Although many large corporate networks have direct fibre-optic transmission circuits to the public network, some form of shared access system may be required to divide the high fixed costs of providing fibre-optic access to a large number of smaller users. The economics of fibre optics is well suited for high-density, long-distance transmission, which continues to extend down into the local exchange, but additional traffic volumes generated by large potential markets in cable TY interactive video and Internet access services will be required to extend 'fibre-to-the-home'. Cellular radio technology, by contrast, has obvious advantages for the low-volume, intermittent traffic in the local loop. Cellular radio is part of a path of incremental innovation leading from the invention of microwave by Bell Labs in 1947 to the introduction of digital mobile systems now based mainly on the GSM (Global System for Mobile communications) and DCS 1800 (digital cellular systems) standards. Cellular radio networks divide each geographical area of coverage into separate radio cells, and each cell has its own base-station transceiver. As a subscriber moves from one cell to another, the handover is controlled by a mobile switching centre. The capacity of available radio frequency spectrum can be expanded almost indefinitely by reducing the size of cells, thus increasing the number of cells and call channels for a given area. In addition, the substitution of digital radio technology for analogue cellular systems provides a threefold increase in capacity.
However, cellular systems become increasingly expensive to operate, and the handover becomes increasingly complex to control, as more users join the network. More users require more cells, and more cells require more costly base stations.
15 Despite innovative efforts of equipment suppliers to remove this base-station capacity problem (or reverse salient), cellular transmission costs remain constant (or rise) as the number of users connected to the network increases. Requiring relatively small up-front fixed costs, the provision of local access to a cellular mobile network is mainly a function of the variable costs of subscriber usage. 1 * Because of the increasing capacity of the frequency spectrum and the rapid growth in cellular demand, a single cellular operator is unable to satisfy local markets at a lower unit cost than two or more competitors. This provided the justification for the Federal Communications Commission's (FCC's) decision to licence competing cellular operators of personal communications services using advanced digital technologies to meet the rapid growth in cellular demand. The number of cellular subscribers in the USA increased from one million in 1987 to >7.4 million in 1991.
The start-up fixed costs of cellular radio are lower than fibre optics or copper wiring in the local loop. 17 The substitution of cellular radio technology for copper plant is increasing, but a major obstacle holding back the adoption of radio or fibre in the local loop is the large installed base of copper access lines. There are 130 million copper wire access lines in the local loop in the USA. Rather than incur heavy fixed-capital investments in fibre optics, the traditional telecommunications operators in the USA and Europe have focused their research efforts on the development of asymmetrical digital subscriber line (ADSL) technology in an attempt to overcome the local loop bottleneck-or reverse salient-by preserving and extending the operating life of copper wire by enabling it to carry the moving image. The adoption of ADSL provides opportunities to take advantage of network externalities. A large installed base of users connected by copper wires with access to a range of new services (providing economies of scope) may be reluctant to switch to a new system using fibre optics. This self-reinforcing mechanism may lock the telecommunications market into an inferior technology (Arthur, 1988; Farrell and Saloner, 1986) .
Economies of Scope. The cost advantages of operating on a larger scale also depend upon economies of scope, which are obtained by using the same plant and equipment within a single operating unit to provide two or more services at a lower cost than that of providing each service separately (Panzar " Those cellular operators chat established networks in the late 1980s had already recovered sunk costs and were operating at a profit by the early 1990s.
" Cellular radio is a low-cost alternative to fibre optics and copper wiring in the local loop. At a cost of -1800 per access line, radio provides cheaper local access than fibre or copper at $1500 per access line. With further investment in digital technology, radio may be reduced to $200 per local access (Huber et al., 1992) .
and Willig, 1982) . The product supplied by telecommunications systems can be differentiated into a variety of services, including voice telephony, value-added services and the moving image, provided over fixed and mobile networks. If the realized volume of traffic is sufficient to ensure capacity utilization, the unit cost of each individual service will decrease. Economies of scope may be enhanced by horizontal integration of telecommunications and broadcasting industries through the convergence of telephone and cable TV systems.
Until the 1980s, innovation in the telephone network presented few opportunities to take advantage of economies of scope. With the exception of limited telegraph and telex services, the telephone network was dedicated to the provision of a standardized public switched telephone network (PSTN) service, offered at cross-subsidized prices to a national market, and leased-line facilities for large users. Since the 1970s, however, radical technological changes in telecommunications services have enabled companies from outside of the sector to provide new services, and encouraged the traditional monopolists to defend their monopoly position'by introducing product innovations which provide opportunities to obtain economies of scope.
The direction of technological change in telecommunications entered a new phase in the 1970s as a result of the introduction of data communication services. Data communications is part of a trajectory of innovation beginning as a process innovation in corporate data processing that became a product innovation leading to the diversification of data and value-added services in the 1970s and 1980s (Antonelli, 1995) . From the 1950s to the late 1980s, large corporate users established self-managed, private networks assembled from private branch exchanges (PBXs) and leased-line facilities to carry data traffic between interconnected computer terminals. Data communications use packet-switching technologies to carry digital information that is processed and transmitted as a number of value-added services, such as electronic data interchange (EDI), electronic mail or videoconferencing.
18 Value-added services use computers and software to add value to basic transmission circuits. The traditional regulatory assumption that terminal equipment and service provision in an integrated and standardized end-to-end service should be controlled by a monopoly was first called into question in the USA by a coalition of large users and electronic data processing equipment suppliers from outside the traditional institutional set-up (Schiller, 1982) . In the late-1960s, 1970s and 1980s, this coalition pressed for radical changes in the existing regulatory set-up which were required to unleash the phase of rapid service innovation which has challenged AT&T's monopoly.
19 By the late 1980s and early 1990s, most European countries had followed the USA in liberalizing these markets.
In the 1970s and 1980s, integrated monopolists were unable to capture economies of scope in the provision of specialized corporate networks and value-added services for diverging market segments. In the UK, for example, the Carter Report, which was presented to parliament in 1977, noted that the sophisticated requirements of a new generation of corporate users could not be 'satisfactorily met by an organization which has its thinking still firmly rooted in the requirement to provide an entirely standard and basic telephone service' (Carter, 1977, p. 43) . In the 1980s and 1990s, the traditional monopolists have experienced strong competition in the rapidly growing value-added services markets from other network operators and data service providers, such as IBM, EDS and Reuters. In the UK, for example, BT's market share in data-based value-added services, such as EDI and electronic mail, is only 20% in 1996 (Oftel, 1996) .
For integrated monopolists, then, the provision of a standardized and integrated end-to-end service through a public network was encountered as a reverse salient, lagging behind advances elsewhere in corporate networks and value-added services. System growth is now linked to rapid service innovation and lower costs brought about by the segmentation of the public network into a web of special purpose networks and service providers. During the 1980s, engineers in AT&T and European PTIs directed their attention towards the problem of recovering huge sunk costs and extending the operating life of the existing telephone network by utilizing the copper wiring already installed to transmit additional data and text services.
A common perception among the traditional monopolists is that attempts to divert corporate services back onto the public network depend in part on the extent to which public networks are upgraded to form narrowband integrated services digital networks (N-ISDN), offering customized services without the loss of system-wide economies of scope (Slaa, 1988) . N-ISDN is a service access architecture which provides a method for integrating, through the use of standardized protocols and software, the telephone and computer technologies in the network, to provide end-to-end digital connections for users. Economies of scope in the provision of N-ISDN result from the reductions in costs associated with the redesign of telephone networks to carry digitized voice, data, facsimile and image services.
The evolution of N-ISDN was held back in the late 1980s by delays in standards and a reluctance to make the costly investments in digital switches required in routing services through end-to-end N-ISDN networks. Recent improvements in ADSL signal compression technology, multiplexing techniques and packet-switching of voice traffic, which largely accomplish what N-ISDN was designed to achieve, raise questions about whether the ISDN standard is an over-engineered solution in search of a problem.
The adoption of N-ISDN represents an attempt by traditional monopolists to internalize economies of scope by diverting corporate networks and value-added services back onto the public network. N-ISDN has received an unexpected fillip to growth in the 1990s as an alternative way of providing small and medium-sized users with access to the Internet, the worldwide computer communications network. It is the introduction of fibre-optic technology, however, which is providing the traditional telephone monopolies with opportunities to take advantage of major economies of scope, as well as economies of scale and density, in competition with institutions involved in other communication industries. Traditional telephone operators are introducing broadband ISDN (B-ISDN) technology to become general purpose providers of a variety of communications services, including multimedia and advanced interactive services which require the vastly increased bandwidth capacity provided by fibre optics. Cable TV companies and broadcasters, on the other hand, are entering the telecommunications market to provide voice telephony and value-added services in addition to television.
However, the realization of economies of scope through horizontal integration of telecommunications and television companies depends on radical institutional innovation, which may redirect the evolution of the communications industry. In the USA, for example, the perception that new technologies were being adopted too slowly due to an outdated regulatory structure which preserved the local exchange monopoly was behind the government's decision in 1996 to sanction competition in local markets between telecommunications operators and cable TV companies.
Research into ADSL technology is being conducted by the traditional telecommunications operators for the explicit purpose of entering the television markets (Antonelli, 1995) . By filling the redundant hours on telephone lines-in the UK the average PSTN line is used for only < 12 minutes a day-with television services and value-added services, the 1162 traditional telecommunications operators may use ADSL to obtain important economies of scope, as well as advantages of scale and network externalities, over incumbent cable TV companies and broadcasters.
Economies of System. Economies of scale and scope indicate the cost advantages of expanding the size and range of the system, but fail to capture the more specific reductions in cost arising from improvements in control components, which are often organized into separate subsystems-such as air traffic control in air transportation, and control and signalling systems in railway networks. Increases in the number of interacting components in the system produce exponential increases in the system's complexity and cost of control (Bell, 1976, p. 29) . A major area of technological advance in the late twentieth century has been the development of computer technologies to solve the crisis of control in complex systems (Beniger, 1986) .
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The function of the control component in the Hughesian definition of large technical systems is to manage load and to control traffic flows. The importance of load management was first recognized in the mid-nineteenth century by managers of railway systems who had experienced problems in forecasting loads and in scheduling traffic where and when it was needed. In order to use large technical systems efficiently and reduce unit costs of output, innovative efforts are focused on improvements in the load factor: that is, the actual use of installed capacity during a specified period. The load factor is one of the most important operating principles in the economics of large technical systems (Hughes, 1983, p. 462) . Whereas the output of manufacturing is stored as inventory when demand is slack, installed capacity in transportation, communication and electric power systems cannot be readily stored: it is usually consumed when produced. 21 Because system capacity cannot be used to produce for storage, there is an internal compulsion to search for improved load management techniques which increase the utilization of installed capacity.
The controlling subsystem is, therefore, essential to the functioning of the whole system and often is the core of the system where innovative activity is " Reducing the cost of control is important in the operation of the Internet computer network: 'Operating a complex and large-scale computer network is a complicated enterprise. As the number of devices involved in the system increases, the system's complexity grows exponentially. Detecting and repairing software, machine and communications link failures are extremely difficult. As might be expected, network management is a major target for research and development' (Cerf, 1991, pp. 50-51).
"This important observation is made by Hughes (1983) with respect to electric supply: 'Because electricity cannot be stored, generating capacity cannot be used to produce power for storage when demand is off, say, in shoe or sewing-machine manufacture' (p. 219). It applies to the output of many other large technical systems.
directed. The adoption of new control technologies, how they are improved or changed, can have a significant impact on the performance of the system as a whole. The concept of economies of system refers to the reductions in costs of operating the entire system arising from innovation in the controlling subsystem (Davies, 1994) . Improvements in the management of load can increase the capacity of the system and open up opportunities for supplying new services related to the control and routing of traffic.
Telecommunication networks are designed to accommodate the maximum load factor: the busiest hour which represents the highest peak in the volume of traffic during a 24 hour period. 22 Installed capacity has to be greater than actual peak traffic requirements because requests for a service, or load, can exceed the capacity of the system. The load factor-showing graphically the utilization of capacity and related unit cost-is the key figure indicating costs and profits over a given period of time. As long as there is spare capacity in the system, there is an incentive to manage the load by introducing a pricing structure differentiated according to customer demand to promote" network usage, or load diversity, especially during off-peak times. Control components have a specific technology and architecture which can be improved or completely changed to gain efficiency in the system. In traditional PTT-operated telephone networks, centralized control of through traffic between local and long-distance networks is performed by a controlling computer at the apex of the hierarchy. Switches at lower levels of the hierarchy are distribution points for communication to and from the centre. The introduction of digital signalling systems, the Intelligent Network (IN) and ATM switching systems systems are three clear examples of the search for technological innovations which reduce the costs of centralized control and improve the utilization of installed capacity in the entire system.
In analogue telephone networks, control of the movement and charging of messages is carried along the same transmission circuit as the message. In digital telecommunications, by contrast, control is removed from the message and transmitted along a separate high-speed packet-switching network, called Common Channel Signalling System No. 7, in order to improve the routing of traffic. Several hundred traffic circuits can be controlled by a pair of signalling channels along a particular route, permitting faster call set-up times. Whereas an average 3 minute call using the old analogue signalling system entailed a call set-up time of 20 seconds, during which time, the telephone conversation opened up a transmission circuit which could not be " The load on a network is defined as the call arrivals per second times the average call duration in seconds. The unit of load calculated in this way is known as the erlang, after A. K. Erlang, the inventor of traffic theory.
used for other calls, the digital signalling system has reduced call set-up times to only 3-4 seconds, without absorbing valuable local and trunk switching capacity (Onians, 1989) .
The IN is a service control architecture which complements ISDN in the traditional operators' vision of the future telecommunications network. Research into the IN was started by Bell Communications Research, or Bellcore, the R&D consortium created after the divestiture of AT&T in 1984 to provide support to the seven regional BOCs. Structural separation of AT&T and the BOCs resulted in a loss of system-wide economies of integration which threatened to increase the cost of service. This change in the regulatory environment restricted the technological activities of the BOCs to the provision of local exchange access services and provided a focusing device for research. The BOCs were led to search for cost reductions in the provision of customized services through the development of ISDN and IN technologies (Dorros, 1987) .
ISDN provides the basic technology to access services generated by the IN, a new computer database technology which is used by traditional operators to provide centralized control of the routing, storing and manipulation of traffic and services to satisfy customer needs. Software is placed in a few databases called service control points (SCP) which are either centralized or placed adjacent to various switching components distributed in the network (Mansell, 1993) . The SCP is essentially the 'brains' of the network which contains complex functions about how calls should be charged and to which terminals messages should be transmitted (Dorros, 1987) . Rather than absorb transmission capacity, the high-speed signalling system is used to interrogate the computerized database in the network for instructions about routing the call. Ordinary voice and data messages continue to be processed by the switch, while calls requiring special treatment are momentarily stored in the exchange, where the relevant database is consulted for advice before the call is directed to its final destination.
23 As Antonelli explains: 'Once the software has been installed and almost all the capital necessary for its installation has been invested, with the substantial absence of variable costs, average costs fall irreversibly. Average costs fall all the more as traffic increases, because the volume of each service increases along with the range of services' (Antonelli, 1995, p. 745) . The IN allows traditional operators to have more direct control of networkperformance and to offer new customized services more rapidly and " By separating control from the switching function, the IN allows for the 'unbundling', or separation into components, of nerwork resources. Users and service providers have equal access to signalling and switching components of the public network for their own commercial use.
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: efficiently. 24 Excess capacity is built into network components to handle unpredictable increases in the load factor and to provide services without delay (Pierce et a/., 1988) . 25 The IN incorporates operation support systems capabilities, such as planning, maintenance and provisioning functions, which assist managers in monitoring network performance and clearing service problems. However, the main advantage of the IN for traditional operators is to 1 provide centralized solutions for the management of traffic and services to satisfy the changing needs of particular residential and corporate customers. On the one hand, residential telephone subscribers are offered a range of new services, such as the freephone directory service, call forwarding, credit card verification and value-added services, which increase call volumes and the utilization of capacity in the fixed network. The IN is also used to provide customers of digital cellular radio networks, such as the pan-European GSM system, with flexible access and personal mobility irrespective of geographical location. On the other hand, in the 1990s, the IN is replacing self-managed corporate networks with higher quality and more advanced globally managed services, such as virtual private networks. Responsibility for the management of corporate networks is transferred to traditional operators or third-party service providers which use the transmission and switching capacity of the public network. The high fixed costs of investing in plant, equipment and skilled employees required to manage discrete corporate networks are transformed into a low-cost service shared with other users which is purchased from a network operator or service provider. Current research is focusing on improving the control functions in ATM switching systems. ATM is the switching technology to be used to store, process and switch traffic in the future B-ISDN. As research has progressed, the design of the management and control functions in ATM switching systems has been identified as a critical problem (Chen and Liu, 1994) . Control is more complicated and costly for ATM switches than current telephone circuit switches. ATM has to operate at high speeds, control multiple types of voice, data and video traffic mixed within the B-ISDN, and handle random fluctuations in traffic flows. The main objective of traffic " According to one estimate in 1990, the IN would reduce the }-5 year window for new service introduction to only a few weeks (Gilhooly, 1990 ). * 'In traditional switches, the need for increased power is roughly proportional to the load offered by new subscribers. Since this is fairly predictable and gradual, expansions of switch capacity, both in physical size and call carrying capacity, can be planned far in advance...With IN, there can be a sudden increase in load due to the introduction of a new feature...with no increase in the number of subscribers or even in call rate. Since this growth is less predictable than with the traditional switch approach, simple, non-disruptive increases in the exchange's processor power are even more critical' (Pierce et at., 1988) . control is to regulate flows of traffic and manage the utilization of installed capacity in order to prevent or alleviate congestion as traffic volumes increase and alternative routes become heavily loaded.
Traditional operators are attempting to extend conditions of centralized control by adopting these complementary digital signalling, IN and ATM technologies that provide substantial economies of system and provide opportunities to gain further economies of scale and scope.
Changes in Large Technical Systems
Economic incentives to reduce costs and supply new markets tend to direct innovative activity towards the solution of reverse salients in system growth. In this dynamic process, solutions to particular problems may give rise to imbalances elsewhere in the system, requiring further modifications of components or creating unexploited opportunities for improvements in the efficiency and capacity of the system. This section argues that technoeconomic pressures operate at the level of the system as a whole, affecting the network architecture (Henderson and Clark, 1990 ) and its control. Table 2 indicates the role of key component technologies in influencing the structure of the network architecture. However, while these forces set limits to possible paths of system development, the selection of One path over another is 1167
Hierarchy or pyramid Ring or geodesic primarily determined by politics; that is, the power of institutional interests to promote and realize their preferred system architecture.
Diverging Technological Trajectories
An influential explanation originating in the USA claims that the network architecture and the nature of its control is being transformed by centrifugal technological and regulatory changes (Huber, 1987; Noam, 1987) . First, the abandonment of the hierarchical architecture is gaining momentum as the telecommunications network follows a radically new technological trajectory. It is being transformed from a hierarchical and centralized network into a new open, or horizontal, architecture (Huber, 1987) . According to this view, in a digital environment, the old hierarchy of local, long-distance and trunk exchanges is obsolete. When switching is cheap and transmission expensive, the most viable technological structure is a 'ring' (see Figure 2) . Intelligence previously confined to centralized switches and stored programme control computers is increasingly embodied in computer terminals and sophisticated PBXs located in the periphery of corporate, mobile and value-added networks, outside of the hierarchical structure. The PBXs, computers and intelligent terminals that perform switching functions communicate directly with adjacent nodes along a 'geodesic'-a path of minimum length. Whereas transmission is kept to a minimum, computercontrolled switches and intelligent terminals are dispersed throughout the network. There is no requirement for communication to take place to and from the centre.
However, technologies are being introduced which may reinforce the hierarchical network structure. Economies of scale secured through the adoption of fibre-optic technology have reduced transmission costs at least as 1168 rapidly as the decline in switching costs (Temin, 1987, p. 347) . In an extensive econometric study of post-divestiture telecommunications in the USA, Flamm (1989) found that transmission costs had fallen much faster than switching costs. In Flamm "s view there is little evidence to support the evolution towards 'a much less hierarchical, decentralized network as Huber envisions (the geodesic network), intermediate layers of switching may instead be displaced by cheap transmission 1 , thus supporting a new, more centralized architecture operating with fewer high-capacity exchanges (Flamm, 1989, pp. 60-61) .
In their defence, Huber et al. (1992) argue that the 1987 report recognized the reduction in" transmission costs for high-volume long-distance telecommunications costs brought about by the adoption of fibre optics. However, it also emphasized that the cost of transmitting low-density, intermittent traffic in the last mile of the local exchange network had not dropped considerably as a result of fibre optics. The main obstacle to innovation in the telecommunications network is therefore the installed investment of copper wiring in the local network. The transition towards geodesic architecture-or what Calhoun calls the 'laminar network*-is gathering momentum in the local network as an increasing number of competing and overlapping transmission technologies are used to access the network (Calhoun, 1992, p. 63) . By the turn of the twenty-first century, two new access technologies, fibre optics and cellular radio, may overcome the 'access bottleneck" created by the limitations of copper wiring. In the long-distance network, by contrast, the huge reduction in transmission costs relative to switching has led to the development of a more hierarchical architecture, operating with fewer high-capacity switches (Huber et al., 1992, p. 21) .
Second, technological and organizational changes have opened up new choices for controlling the capacity and performance of the entire telecommunications system. In Noam's (1987) view, the growth in technological and operational alternatives, and corresponding increase in service applications tailored to customer needs, have undermined the system-wide economies previously attributed to centrally controlled telephone networks. A combination of centrifugal technological and institutional forces are shifting the organization of the telecommunication network away from a centrally controlled monopoly to a more open and competitive structure.
The traditional PTT interests maintain that the more complex the technical system, in terms of number of components and interactions between them, the more necessary it is to exercise centralized control over it. Noam (1994 Noam ( , 1169 p. 289) argues the converse: 'Complexity is neither a necessary nor a sufficient condition for justifying centralized control." This view is reminiscent of Ashby's Law of Requisite Variety from cybernetic theory which states that the controlling mechanism requires at least as much variety as the system to be controlled (Beer, 1994, p. 4l) . 26 Noam claims that centrally controlled systems have been superseded by an open and loosely interconnected 'network of networks'. In this open network system, the networks operated by carriers interconnect with each other, as in the federation of sub-networks found in the system of transportation, i.e. the various road, rail, air and water systems. Traditional monopoly is replaced by a market of interconnecting subsystems controlled in a decentralized way by numerous companies.
To help large customers manage this increasingly complex and fragmented environment of networks and services, a new category of systems integrators has emerged. System integrators link up various parts of local, long-distance, mobile and value-added networks, to provide corporate users with one-stop access to a variety of digital services and to provide least-cost routing, switching users around as capacity becomes available, and selecting optimal elements in terms of price and performance for a given time and route. As the networks provided by system integrators develop, they interconnect with each other to form a complex interconnected whole. Thus telecommunications has evolved from a traditional monopoly, by way of an intermediate state of a 'network of networks', in which carriers interconnect, to a 'system of systems', in which system integrators access and interconnect into each other (Noam, 1994) .
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Centripetal technological forces working in the opposite direction may, however, prevent a simple transition towards a more open system under decentralized control. Not only is a hierarchical network architecture being reinforced by economies of scale in long-distance transmission; the use of the IN to support a centrally controlled network also provides significant economies of system (Davies, 1994, p. 215) . ** The implication here is that control must be devolved among the numerous agents. Yet according to cybernetic theory, control of a complex system can be obtained by a single centre if the controller is able to develop an equally complex set of management tools which match the variety of the system. For example, a software error which disrupted AT&T's long-distance network for 9 hours in 1991 encouraged BT to develop a network management system which spreads intelligence throughout the network so that problems can be solved locally (Bannister, 1992) . Although in the modern digital telecommunication network the function of control can be decentralized among exchanges with no dominant single switching hierarchy, the network control architecture continues to reflect the dominance of the centralized circuit-switched service used in traditional voice telephony networks (Dorros, 1987) . 28 Utilizing rapid out-of-band signalling, the centralized computer in the IN may be used to control the availability of capacity and services on selected transmission routes through the system. The introduction of higher-capacity digital exchanges reduces the number of intermediate trunk exchanges in the network and permits a greater utilization of the large reservoir of excess capacity installed to handle peak loads. Economies of system realized through the centralization of control in the network mean that the routing and delivery of end-torend services over local, national and international networks can be managed by global. system integrators. Since ~50% of international circuit capacity is idle at predictable times, such excess capacity can be utilized to furnish alternative routes carrying global traffic through a limited number of international telecommunications hubs (Small, 1989) . , Finally, the decision to adopt a new technology requires a commitment to a standard or architecture-such as ISDN-which is compatible with the existing system. The adoption of ISDN may lock the system in to a distinct path of development favouring the centralized network, since future investments must also be compatible with interrelated components in the chosen system (Arthur, 1988; Rosenberg, 1994) . Lock-in occurs because it is often costly and difficult to reverse decisions once they have been made, since fixed capital in telecommunications has an exceptionally long life expectancy. The problem of lock-in is that the system can be tied to an inferior technology or standard which may in the future be rendered obsolete by the uncertain prospect of the introduction of superior technologies. New technology in the system must be compatible with the current system and future investments must be backwards compatible with the chosen standard. ISDN and Signalling System No.7 could only be introduced into the telecommunications network after problems of compatibility were solved and new interfaces were established with other components in the network.
Politics, Momentum and Conflicts
The tendency for large technical systems to follow an established trajectory " The crash of AT&Ti long-distance network in January 1990 has been cited by European PTB to justify the advantages of centralized network control through the use of Signalling System 7 and other control technologies (Gilhooly, 1990 ).
may only be reversed when the introduction of radical innovation makes it economically possible to disregard financial commitments to fixed capital and technically feasible to follow new paths of development. But the possibilities for the development of the telecommunications system as a whole to split off in multiple directions in the way suggested by Sahal (1985) are more limited. The telecommunications network is a high-momentum system which favours development along a familiar path, despite the emergence of technological and operational alternatives. Not only do economic pressures and the mass of technical and organizational components in the system work against the emergence of a new network structure and control mechanism; powerful vested interests are also committed to the existing system.
In practice, therefore, technology and economic forces do not work in isolation from politics. Institutions which push the system along a familiar path may come into conflict with other institutional contenders for control of the system as each vies to gain a dominant position in the market. In typically Schumpeterian terms, the process of introducing radical technological innovation into the system induces a social and political conflict between the established monopoly interests, attempting to use their institutional power to influence the pattern of technological change in their favour, and a new innovating sphere, seeking to expose the system to competition (Schumpeter, 1943, p. 87) . Competition from new technologies threatens to undermine the power of the traditional monopoly practices that aim at defending established positions, protecting fixed capital by delaying the introduction of new technologies and setting prices so as to maximize short-run profits.
In telecommunications, an industry which historically has been subject to government involvement, a contest for control manifested during the 1970s and 1980s on a political level. On the one hand, an 'electronic alliance' of large corporate telecommunications users and electronic data processing companies was instrumental in the de-regulation of US telecommunications and, with the support of the USA and UK governments, has pressed governments throughout the world to reciprocate by liberalizing their domestic telecommunications markets (Schiller, 1982) . On the other hand, the 'postal-industrial complex", comprising a traditional coalition of PTIs, a cartel of national equipment suppliers and trade unions representing PTT employees, is trying-largely unsuccessfully-to resist such liberalizing pressures (Noam, 1987) .
Reflecting the contrasting interests of their proponents, there are two strategies of technological change in telecommunications (Noam, 1987) . First, the telecommunications system may continue down a familiar path, reinforcing the traditional concept of a hierarchical and centralized network.
As a refinement of the centralized model, the strategy of continental European PTTs has been to develop complementary signalling, IN and ISDN technologies, integrating all communications systems into a single pipe controlled by themselves and interconnected internationally with similar exclusive systems. In its most recent formulation outlined by. the European Union in a White Paper on trans-European networks in December 1993, ISDN is a high-capacity broadband network carrying services currently supplied by broadcasting or cable television systems down a fibre-optic 'information superhighway'.
As a technical concept, ISDN was designed with the purpose of decreasing the technical requirement for innovations to be compatible with the entire system. While in theory ISDN thus permits the development of multiple ISDN networks that interconnect and co-exist or compete, in practice elimination of duplication was the main justification for ISDN. The system may continue to be controlled centrally by incumbents in quasi-monopolistic markets facing limited new competition in cable-based and mobile networks, and in value-added services.
Second, whereas ISDN symbolizes the technical, economic and political logic of the hierarchical arid centralized network, the Open Network Architecture (ONA) in the USA is a step towards open network systems.
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ONA was formulated by the Federal Communication Commission's Third Computer Inquiry to break down the network into building blocks. The hierarchical architecture is to be disaggregated into separate and interchangeable modular components that provide separate access, standardized interconnections and competition in the supply and operation of each of them. The ONA plan is a concept for the long-term development of the network to be organized in an open way, rather than a set of proposals for immediate implementation (Brock, 1994) . Following the pattern of development in computing systems, and to some extent driven by the interests of the computing and newly liberalized telecommunications sectors, ONA would replace the hierarchical and centralized technological architecture with a plan for a distributed network structure.
It is possible that the introduction of new technological and operational alternatives, especially if the innovating sphere of interests have the support of national governments, may transform the telecommunications network into an open and decentralized system. But the outcome of the competition between the two models is highly uncertain because even if technical and economic forces reinforce one path of technological change, the intervention of social and political interests could direct the system along a different trajectory. In order to realize their preferred model of network evolution, the new innovating interests will have to break the technical, economic and political momentum of the existing system. Otherwise some version of the hierarchical and centralized system will prevail, projecting into the future technical and organizational characteristics acquired in the 1880s when national telephone networks were designed. This is what Hughes calls 'the persistence of acquired characteristics in a changing environment' (Hughes, 1987, p. 77) .
Conclusion
In order to develop a framework for examining innovation in large technical systems, this paper has attempted to relate two disciplinary contributions: the sociological-historical perspective of Hughes with economic studies of technical change. The paper suggested that the Hughesian emphasis on the social and political actors shaping and shaped by the technology system is complemented by an analysis of the economic forces behind the dynamics of innovation in the system. The drive to realize cost-saving economies of scale, scope and system is behind the momentum of the telecommunications system, influencing its rate of growth and trajectory of development: (i) economies of scale result from the expansion in the size and intensity with which capacity is used; (ii) economies of scope emerge as the range of the system is extended to include new services; and (iii) economies of system refer to improvements in network control, or load management, which increase the utilization of installed capacity. The argument of the paper is not that economic forces take priority over issues of social choice but, rather, that a framework is required which accounts for the ways in which technology and economics mix with politics in the development of telecommunications networks and other large technical systems.
The evolution of the network architecture and its organization is influenced by the changing performance of technologies and the influence of economies of scale, scope and system on network components, the controlling subsystem and the entire system. Network evolution is also influenced by regulatory changes in market structure, pricing, and conditions of access and interconnection. The telecommunications network may develop along two contrasting trajectories, or a, hybrid mix of the two: (i) it may continue to follow the familiar path of a hierarchical and centralized network; or (ii) be 1174 channelled down a new path, transforming the old system into a hew horizontal and decentralized structure.
30
In discussing the future evolution of the telecommunications network, authors advocating different trajectories of development often tend to confuse their analysis of reality with what they believe the future ought to be depending on their interests. 31 On the one hand, those representing the postal-industrial complex have emphasized the advantages of the traditional centralized and hierarchical architecture. New integrating technologies such as ISDN and the IN provide traditional monopoly operators with opportunities to provide low-cost and high-quality centralized solutions (e.g. Dorros, 1987) . On the other hand, those that are champions of the cause of competition prefer the network of networks model. They stress the importance of allowing users and service providers, to have equal access to switching and signalling components in the public network for their own commercial use (e.g. Noam, 1987; Antonelli, 1995) .
The prevailing view of trends in telecommunications is that the system is evolving towards the latter competitive model of a network of networks. As Mansell argues, this view rests on the erroneous assumption that 'a single trajectory of development will prove to be inherently superior and will come to be reflected in the technical composition of the advanced telecommunication infrastructure' (Mansell, 1993, p. 6) . Historically, Hughes (1987) has found that even when the trajectory of technological development appears to be so clearly defined, the momentum of systems can be broken by contingent social and political factors. What is required, therefore, is a framework which takes account of the technical, economic and political factors adding to the momentum of the centralized network and the power of countervailing forces seeking to alter the course of its development.
In most advanced industrialized countries, the supply of terminal equipment, value-added services and cellular radio networks is now liberalized, and the network infrastructure and basic voice telephone service is being increasingly opened up to competition. Despite the regulatory shift to competitive markets, however, the centralized and hierarchical network has acquired such a high level of momentum that it continues to persist in a new form in this changed environment. Traditional monopoly operators have introduced a range of complementary new integrating technologies which promote economies of scale, scope and system in the operation of a centrally controlled and hierarchical network. Economies of scale in the long-distance network have been reinforced by the substantial reductions of transmission and switching costs brought about by the adoption of fibre optics and digital switching technologies such as SPC. Because transmission costs have fallen faster than switching costs, the hierarchical network architecture is gaining momentum in the long-distance network. The capacity of long-distance fibre-optic networks already installed vastly exceeds demand, suggesting that a monopoly is re-emerging unless competitive institutions are artificially propped up by regulation (Huber et al., 1992) .
Traditional operators are attempting to defend their natural monopoly in the local exchange network by enhancing the role of network externalities, sunk costs and economies of scope. ADSL is being used to upgrade the large installed baSe of copper wires that provide access to the public network with the capability of providing the moving image. Economies of scope are being strengthened by using ISDN to upgrade the centralized network to provide access to a range of voice, data and image services. Economies of system have also been enhanced by the development and introduction of new signalling system, IN and ATM technologies which improve the utilization of installed capacity in given period. While the IN provides opportunities for dispersing control to the customer premises equipment and PBXs on the periphery of the network, it has been used by incumbent operators to provide centralized solutions for new services to prevent the migration of corporate traffic away from the public network.
However, economies of scale attributed to the local loop are no longer sufficient to prevent competition from new digital cellular radio and fibreoptic access technologies. A transition towards an open network architecture is gaining force as an increasing number of competing, and partly complementary access technologies, including cellular radio, fibre optics and coaxial cable TV networks, are used to provide overlapping access to the local network. In this network of networks environment, regulatory rules are required to ensure conditions of entry, open access and interconnection between local networks. This suggests that the entire system is evolving towards a new hybrid form of hierarchical network, analogous to the structure of the 'hub and spoke' system in airports and air transportation. Overlapping local access networks controlled by different operators act as the 'spokes' feeding traffic into high-capacity 'hubs', which direct traffic along high-volume, long-distance 1176 routes-in the shape of a linear, flat network, with few switches-to other major hubs for the routing of calls to final destinations. This case study of telecommunications has wider implications for the methodology of path-dependence and for practical decision-makers concerned with the management of innovation in large technical systems. Path dependence in systems is only observable and capable of explanation after the fact, and prediction is difficult since an early change, however small, can direct the system along a radically different path (David, 1985; Arthur, 1988) . With this proviso in mind, it is possible to identify alternative trajectories of development by isolating the technical, economic, political and other causal forces contributing to momentum and inertia in systems, and by taking account of countervailing forces which might alter that trajectory of development. In this dynamic framework, it is possible to explain how innovation and the adoption of new technologies by different market actors in the network influence trajectories of development in the entire system. In the telecommunications network, new centripetal technologies, such as ISDN, the IN and ATM, have added to system momentum by strengthening the hands of incumbents. Alternatively, centrifugal technologies, such as electronic PBXs, fibre-optic access and digital cellular radio, have helped to break the established momentum and promote innovation at different times and in different parts of the network.
